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Nonreciprocal devices such as isolators and cir-
culators are key enabling technologies for commu-
nication systems, both at microwave and optical
frequencies. While nonreciprocal devices based
on magnetic effects are available for free-space
and fibre-optic communication systems, their on-
chip integration has been challenging, primarily
due to the concomitant high insertion loss, weak
magneto-optical effects, and material incompati-
bility. We show that Kerr nonlinear resonators
can be used to achieve all-passive, low-loss, bias-
free, broadband nonreciprocal transmission and
routing for applications in photonic systems such
as chip-scale LIDAR. A multi-port nonlinear Fano
resonator is used as an on-chip, all-optical router
for frequency comb based distance measurement.
Since time-reversal symmetry imposes stringent
limitations on the operating power range and
transmission of a single nonlinear resonator, we
implement a cascaded Fano-Lorentzian resonator
system that overcomes these limitations and sig-
nificantly improves the insertion loss, bandwidth
and non-reciprocal power range of current state-
of-the-art devices. This work provides a platform-
independent design for nonreciprocal transmis-
sion and routing that are ideally suited for pho-
tonic integration.
Nonreciprocal devices have become key components
for enabling transmission and reception on the same
communication channel with the rise of the new gen-
eration of cellular networks (5G) based on full-duplex
radio-frequency communications. Similarly, as optical-
frequency systems advance, it is becoming increasingly
important to implement nonreciprocal devices in silicon
photonic circuits. The ability to miniaturize nonrecip-
rocal systems toward portable mobile scale and boost
performance enables a wide range of applications in op-
tical communications, signal processing, spectroscopy,
and sensing. To date, integrated nonreciprocal de-
vices have been demonstrated by using spatiotemporal
modulation1–3, magnetic bias4–6, Brillouin scattering7,8,
and optical nonlinearities9–14. Additionally, there have
been important proposals and demonstrations in micro-
and acoustic wave systems15,16. While it is well estab-
lished that linear non-reciprocity requires an external
bias that breaks time-reversal symmetry, Kerr nonlin-
ear devices eliminate this need and can be implemented
in a monolithically integrated platform. Such devices
can thus greatly simplify the fabrication steps as well
as device design and operation. Despite dynamic reci-
procity constraints17 on passive nonlinear devices under
simultaneous excitation from both ports, silicon-based
Kerr nonreciprocal devices are still attractive if out-
standing challenges of integrated isolation and circulation
devices18 can be overcome. In particular, optical isola-
tion in a large-scale integrated photonics has remained
elusive mainly due to high insertion loss2,5,6,10,19, nar-
row bandwidth20, and scalability5,8. The development of
such a silicon-based chip-scale nonreciprocal device may
lead to novel nonlinear devices for applications in optical
communications and LIDAR21.
Here, we demonstrate all-passive, bias-free non-
reciprocal transmission and routing of mode-locked
pulse streams in silicon photonic systems. First, an
asymmetric, single mode Fano resonance is implemented
in a conventional microresonator side-coupled to a
bus waveguide containing compact inverse-designed
reflectors. Kerr nonlinearity enables self-biased and
high-speed nonreciprocal transmission in the silicon
microresonators, and the silicon photonic device exhibits
extremely low insertion loss. Addition of a drop waveg-
uide to the silicon Fano resonator enables nonreciprocal
routing of a pulsed signal for a frequency comb based
optical distance measurement. Importantly, it has
been recently shown that any nonlinear single-resonator
isolator is affected by a fundamental trade-off22 between
the maximum forward transmission (T) and the nonre-
ciprocal intensity range (NRIR) over which isolation can
occur (Eq. 1), such that a larger T can be obtained only
at the expenses of a smaller NRIR, and vice-versa22.
By characterizing several single-resonator devices we
provide, to the best of the our knowledge, the first
experimental and systematic verification of this bound.
For practical photonic applications, it is extremely im-
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2FIG. 1: All-passive nonreciprocal transmission using a silicon photonic resonator. (a) Schematic of the
Fano nonreciprocal device. The silicon resonators (inset 1: Scanning electron micrograph (SEM) image of the res-
onator) only support a fundamental transverse-electric (TE) mode (inset 2: simulated spatial mode profile). A sil-
icon waveguide is side-coupled to the race-track resonator, and the yellow box on the waveguide shows the loca-
tion of the inverse-designed reflector used to synthesize Fano resonances. This inverse design area is offset with re-
spect to the center of the cavity-waveguide coupling region in order to break the symmetry between the forward
and backward direction coupling coefficients. As a result, forward and backward direction excitation with the same
input intensity produce different shifts of the resonator resonant frequency, and thus of the transmission lineshape
(inset 3). Inset 4: (Left) Inverse design optimization trajectory showing simulated device reflection versus optimiza-
tion iteration, and SEM image of the final fabricated inverse-designed reflector (scale bar: 1 µm). (Right) Measured
transmission spectrum of the fundamental TE mode in the silicon racetrack resonator with inverse-design-reflector.
(b) Measured transmission versus input power to the Fano resonator in the forward (black) and backward (red)
directions. The CW input is coupled to the input and output ports separately, and the transmitted signal is mea-
sured at the opposite port. (c) Transmitted signal trace of a 10 GHz modulated CW signal for excitation in either
the forward or backward propagation directions (upper panel: input signal trace). Measured output power is cali-
brated with the chip-to-fibre interface efficiency.
portant to relax this bandwidth-transmission trade-off.18
As recently shown,23 the single-resonator bound can be
overcome by cascading two nonlinear resonators. Follow-
ing this approach, we exploit the large versatility of our
inverse-design and fabrication process to implement a
cascaded Fano-Lorentzian resonators device. This allows
us to obtain near-unity transmission (T > 99%) over
a NRIR > 6 dB, largely beating the single-resonator
bound. Beyond the direct demonstration and application
of these nonlinear nonreciprocal devices as isolators and
routers, this work illustrates a platform-independent de-
sign method to unlock novel functionalities in integrated
nonlinear optics. Finally, we use the demonstrated
nonreciprocal circuit to operate an on-chip LIDAR
system, demonstrating the practical relevance of our
result, which enables distance measurements at up to
60 m with a bias-free, fully passive non-reciprocal device.
Device implementation. The passive nonreciprocal
Fano device consists of a silicon race-track resonator
coupled to a silicon bus waveguide containing an inverse-
designed reflector, as illustrated in Fig. 1a. The device
layer has a thickness of 220 nm on 2-µm-thick silicon
oxide layer, and the resonator was designed to operate
on single mode at the wavelength of 1550 nm (inset
2). Using fabrication constrained inverse design24,25, a
partially transmitting element (PTE) was designed in
the waveguide at the resonator coupling region to create
3a Fano lineshape in the cavity response function26–29.
The PTE is positioned with a slight offset (more details
in the method section) from the center of the coupling
region toward the input port, so as to create asymmetric
coupling to the resonator from opposite ports12. Inset 4
(Fig 1a) shows the inverse design optimization trajectory
and an SEM image of the fabricated PTE structure.
Spectral measurements of a single microresonator with
the PTE were performed by monitoring the waveguide
transmission as the laser wavelength was scanned, and
the right panel of the inset 4 presents a spectral scan
near 1542 nm. Linewidth extracted from the fitted Fano
curve26 shown in red gives a loaded Q factor of 7.3 × 103.
Device characterization. To validate the operation
of the Fano nonreciprocal device, we measure the for-
ward and backward transmission over a 10 dB range of
continuous-wave (CW) input powers and evaluate the
nonreciprocal intensity range (NRIR) (Fig. 1b). Fol-
lowing previous works,22,23 we define the NRIR as the
ratio of input powers from opposite propagation direc-
tions that leads to the threshold-like transmission tran-
sition. The forward and backward transmissions were
measured without counter-propagating waves, and more
experimental details are described in the method section.
The maximum transmission contrast between the two di-
rections is 24.7 dB (minimum: 13.4 dB), and the average
contrast is 21.9 dB within the operating power range in-
dicated by the shaded region. The insertion loss is 1.3
dB and the nonreciprocal operation range is 3.9 dB (op-
eration power from 4.55 to 8.15 dBm loaded on the sili-
con waveguide). As mentioned above, the maximum for-
ward transmission (T) and the NRIR are fundamentally
bound22,23 in a single Fano-resonance system by
T ≤ 4 ·NRIR
(NRIR + 1)2
. (1)
As a result, quasi-unitary transmission (i.e. very-low in-
sertion loss) can only be achieved across a small range of
impinging powers. We have experimentally verified that
this bound holds for the device investigated in Fig. 1
and also for many other single-resonator devices as shown
later in Fig. 3b. Importantly, our device design enables
the single Fano isolators to operate close to the bound
(see Fig. 3b) and thus to obtain insertion loss lower than
the records of current state-of-the-art devices2,6,10,12,19.
To demonstrate the applicability of this Fano nonre-
ciprocal device to high-speed signal processing, we also
characterize the forward and backward transmission
with a 10 GHz modulated CW signal (Fig.1c) generated
using a Mach-Zehnder (MZ) modulator12. We use a
peak power of approximately 5 mW (≈ 7 dBm), corre-
sponding to average energy for a period of about 250
fJ. The forward transmission shows negligible waveform
distortion, while the backward transmission is strongly
suppressed (monitored by a digital communications
analyzer). The high-speed operation is enabled by the
fast relaxation speed of the resonator resonance (20 - 200
GHz) and Kerr nonlinearity. We note that our device
operates in the power regime where free carrier effect
is negligible30. The threshold-like input-output power
transfer function and high-speed operation capability,
demonstrated in Fig.1b and c, satisfy requirements for
an all-optical regenerator30–32 and point to its potential
usefulness not only for nonreciprocal devices but also for
nonlinear signal processing in optical communications.
Demonstration of optical ranging measurement
based on nonreciprocal transmission and all-
optical routing. While Kerr nonlinear isolators are fun-
damentally limited by time-reversal symmetry and ther-
modynamic considerations, their passive, magnet-free,
bias-free, simple architecture makes them particularly
appealing for integrated photonics. We show how these
devices can be used in a range of important photonic sys-
tems operating with pulsed signals, where the forward
and backward ports are not simultaneously excited (see
Fig. S3 for additional details). Despite recent advance-
ments in photonic integration such as large-scale phased
array34 and microcomb sources21 that are a promising
step towards miniaturization of LIDAR systems, other
chip-based components like isolators and circulators are
still required in a full system to harness the potential of
these approaches. As a demonstration of how our silicon
device is useful for integrated LIDAR systems, we per-
form precise and reliable optical distance measurements
using a frequency comb as the source and our device as
both the on-chip optical isolator and router. A pulse
routing waveguide is added to the Fano nonreciprocal
device (device schematic in Fig. 2a) to enable the device
to guide the pulses from both the pump laser and the de-
tection target to the same photodetector while protecting
the pump laser from the reflected pulse.
The experimental schematic used for the optical
ranging measurement is illustrated in Fig. 2a. For
mode-locked pulse generation, we use a fibre ring
resonator consisting of an erbium-doped fibre amplifier
(EDFA), a semiconductor optical amplifier (SOA),
polarization controller (PC), and bandpass filter (BPF).
The 5 MHz pulse repetition rate allows measuring
distances up to 60 m, and the central frequency of the
pulse can be adjusted to the Fano isolator operation
range using the BPF. The generated pulse streams are
split by a 50:50 fibre-based coupler, and one part is
directly sent to device port 1. The other part of the
pulse stream is first passed through a fibre delay line
(physical path length ∼ 5, 20, 25, 30 m) and then sent
to port 2. The pulse stream coupled to port 2 does not
propagate to port 1 because of the Fano isolator (as
checked by monitoring PD1, Fig. 2c), while the pulse
stream from port 1 is transmitted to port 2 of the device
(monitored at PD2). The device routes the pulse stream
from port 2 to port 3 in the other waveguide coupled to
the Fano resonator (Fig.2b), where it combines with the
input pulse stream from port 1 to generate an electric
4FIG. 2: Nonreciprocal pulse routing and optical distance measurement (a) Schematic of the pulsed laser
generation setup (left) and optical distance measurement setup (right). A CW laser is polarization-controlled (PC)
and split using 99/1 coupler to pump the fibre loop resonator. An erbium-doped fibre amplifier (EDFA) and a
semiconductor optical amplifier (SOA) are used as the gain media of the fibre laser33, and a bandpass filter (BPF)
selects the central frequency of the output pulse. For the distance measurement, the pulse stream is split into two
paths: the reference path is directly connected to device port 1, while the target path includes a fibre delay prior to
port 2. The pulse streams of both paths are routed to port 3 and detected at photodetector 3 (PD3) for a time-of-
flight measurement. PD2 monitors the forward transmission through the device. PD1 records the transmission of
the target path pulse stream from port 2 to port 1, thus monitoring the device’s ability to isolate the pulsed laser
input source (Inset: SEM image of device). (b) Transmission versus input power for a CW input through three dif-
ferent propagation paths corresponding to transmission (S12), isolation (S21), and routing (S23), where Sij indicates
transmission from port i to port j. (c) The electrical intensity trace of PD1 during optical ranging, demonstrating
isolation of the pulsed laser input source. (d) Representative electrical intensity trace from PD3 showing reference
and target pulses containing ranging information. The lower panel shows the zoom-in of the electrical intensity
trace over two pulse periods. The pulse period is approximately 192 ns. (e) The measured distance between the ref-
erence peak and target peak versus time (data acquisition time: 200 µs) for fibre delay path length of 5, 20, 25, and
30 m respectively from left to right. Inset: Zoom-in of measured distance trace showing the standard deviation of
0.02 m, demonstrating the stability of this optical distance measurement. The range ambiguity in this measurement
is approximately 40 m in silica fibre.
signal trace of dual pulse streams (Fig. 2d) at PD3.
A zoom-in view of the trace (lower panel of Fig. 2d)
shows the reference and target peaks within two periods
of 192 ns, and the time interval between reference and
target peaks is calculated for each period and converted
to the distance scale. Fig. 2e plots distance versus time
where the time increment is the reference pulse period,
showing the stability of the distance measurement. To
extend this distance measurement setup into a LIDAR
system, the device can be equipped with an integrated
microlens21,35, metalens36, and phased array34 at port 2
to emit the pulse stream from port 1 towards the target
and to receive the reflected pulse streams. Received
pulse in a typical LIDAR system is a low-intensity signal
hence back-reflection at the isolated port and pulse
emitter of the signal is also weak, making it practically
suitable for a precise distance measurement. Our Fano
isolator-router device can protect the pulsed laser source
5FIG. 3: Broadband isolation operation using cascaded nonlinear resonators (a) SEM image of cascaded
Fano/ Lorentzian resonators implemented on silicon-on-insulator platform. The zoom-in images show inverse-
design-reflectors on the silicon waveguide at the resonator-waveguide coupling region. The inset shows the inverse-
design of the 94 % reflector used to implement a Lorentzian resonator (optimization trajectory, SEM of the final
design, and obtained resonance lineshape). The Fano resonator is implemented using the same inverse-designed re-
flector shown in the inset of Fig. 1a. (b) Forward transmission versus nonreciprocal intensity range for single and
cascaded resonators. The shaded region corresponds to the theoretical bound on single resonator operation22,23,
and the dots correspond to measurements of single resonator (blue) and cascaded resonator (red) systems. The dots
with red-dashed circles are measurement results of the devices presented in Fig. 1 and 2. (c) Measured transmission
versus input power of single resonators (Panel 1, 2) and cascaded resonators (Panel 3, 4) in the forward (red) and
backward (black) directions.
from the reflected pulse streams for stable system opera-
tion while routing light from these reflected pulses to the
other waveguide. In this measurement, the reference and
reflected pulses do not arrive on our device at the same
time and hence bypass the dynamic non-reciprocity
constraint17. Such operation, in principle, can be also
realized using active time-gated switching but high-speed
operation is challenging37. Furthermore, we expect that
reflected pulses can be isolated even under simultaneous
excitation if another isolator is connected in series with
a time delay corresponding to half the pulse period.
Based on these findings, our experiment demonstrates
the viability of the realized passive isolator and router
to act as an essential component in a fully integrated
chip-scale LIDAR system.
Broadband operation based on cascaded nonlin-
ear resonances. Unlike linear active isolators that can
potentially work under any input power, nonlinear pas-
sive devices based on a single resonator can lead to isola-
tion only over a limited range of signal powers (NRIR).
In fact, as already mentioned above, single-resonator de-
vices are affected by a fundamental trade-off between
the maximum achievable forward transmission and the
NRIR22. Here, we provide the first experimental verifi-
cation of this fundamental constraint by characterizing
several single-resonator isolators. The different designs
are obtained by varying the reflectivity of the inverse-
designed coupling element and the cavity-waveguide gaps
in the device in Fig. 1a. The blue dots in Fig. 3b
show the measured forward transmissions and NRIRs for
each single-resonator device, and the shaded region corre-
sponds to the theoretical bound in Eq. 1. All the inves-
tigated single-resonator devices are clearly constrained
by the bound. As an example, Panel 1 and 2 of Fig.
3c show transmission versus input power for single res-
6onators in the forward and backward directions. These
results clearly illustrate that a highly transmissive (T
= 0.96) device is affected by a narrow operating power
range (∼ 0.1 dB), while a less transmissive (T = 0.82)
device can operate on a broader power range (3.1 dB). If
unitary transmission is required, the operation range for
a single resonator device shrinks to zero.
Increasing the power bandwidth of these isolators
while keeping quasi-unitary transmittance is funda-
mental for their use in many photonic applications18.
It was shown in Ref. [23] that two cascaded nonlinear
resonators, interleaved by properly chosen delay lines,
can overcome this constraint and realize broadband
isolation beyond the bound in Eq. 1. We implemented
the system proposed in Ref [23] consisting of cascaded
Fano-Lorentzian resonators (Fig.3a). The Lorentzian
response is obtained using the same race-track resonator
configuration, and optimizing a highly reflective waveg-
uide structure in the coupling region in such a way that
Lorentzian instead of Fano response is achieved (Inset
of Fig.3a shows the inverse-design of this structure).
The Fano resonator is nominally identical to the device
characterized in Panel 1 of Fig.3c. A key element to
overcome the single-resonator bound is the ability to
control the phase delay between the Fano and the
Lorentzian resonator.23 In our device the phase delay is
set lithographically by the physical length of the input
waveguide that couples to both resonators (red arrow
in Fig.3a). We characterize several Fano-Lorentzian
cascaded systems, with various phase delays, and com-
pare their isolation performance with the single Fano
devices. The red dots in Fig. 3b show the transmission
versus NRIR of cascaded resonators measured at the
same wavelength as the single resonator systems. For
selected phase delays, we obtain a clear breaking of the
single-resonator bound. Panel 3 and 4 of Fig. 3c show
the transmission versus input power for two cascaded
resonator systems that break the single-resonator. The
measured data show high forward transmission of 95 - 99
% (0.04 - 0.22 dB insertion loss) with broader operating
power ranges (6.3 dB) than allowed by the single
resonator limit. We note that in this all-passive device
experiment no attempt to actively control resonance
wavelengths and phase delay was made, but in the future
thermo- or electro-optic control can be introduced to
further optimize the performance. These experimental
results demonstrate a practical and feasible solution
to overcome the power range constraints of nonlinear
devices. In addition, the capability to precisely tailor the
coupling between nonlinear resonators and a common
reservoir could allow, for example, the realization of ar-
rays of nonlinear elements with self-induced topological
protection in the optical domain38.
Conclusion
In summary we have demonstrated that Kerr nonlinear
resonators can be used to achieve fully passive, bias-free
nonreciprocal transmission and routing in standard
silicon photonic systems, of special interest for chip-
scale LIDAR. The system architecture was optimized
by photonics inverse design. In order to increase
the non-reciprocal intensity range while preserving
high transmission, a cascaded system of a Fano and
Lorentzian resonator was studied. Unitary forward
transmission as well as broad operating power range
were demonstrated to illustrate the achievement of
essential, but previously elusive, functionalities required
for application of these nonreciprocal devices to practical
photonic systems. Although such nonlinearity-based
devices are mainly useful for pulsed or periodic source
applications due to dynamic reciprocity constraints17,
the non-reciprocal signal transmission and routing
demonstrated in this work open the door to many other
practical applications of immediate interest in photon-
ics. These nonlinear photonic systems provide novel
functionalities for advanced optical communications,
nonlinear signal processing, spectroscopy, and all-optical
circuits in a silicon-nanoelectronics-compatible photonic
platform39.
Methods
Inverse design Stanford Photonics Inverse Design
Software (SPINS)40, based on the previously described
fabrication-constrained inverse-design methodology24,25,
was used to inverse-design waveguide reflectors for target
reflection = 60, 80, 99 % for 1550 nm fundamental-mode
TE-polarized light. These reflectors were designed inside
the 500 nm width input-waveguide with a design area
of 500 nm × 2000 nm and a minimum feature size
constraint of 120 nm.
Characterization Transmission measurements of
the nonlinear isolators were performed by coupling a
continuous-wave (CW) laser through a single-mode fibre
onto the chip via grating couplers41 and monitoring the
transmitted power through the waveguide-coupled device
in the forward and backward directions while sweeping
the laser input power (measurement wavelengths: 1541.4
nm in Fig.1, 1533.87 in Fig.2, 1533.87, 1541.4, 1547.5,
1552.1, 1556.6, 1562 nm in Fig.3b, 1562 nm in panel
1, 3, and 4 of Fig.3, 1547.5 nm in panel 2 of Fig.3).
The transmission values are normalized by performing
a transmission measurement of a single waveguide with
grating couplers, and the propagation direction was
changed by implementing a fibre switch. It is important
to note that the transmissions in both directions were
measured without counter-propagating waves in the
device, and the counter case (dynamic reciprocity17) is
discussed in other work42.
Resonator design parameters Waveguide-cavity gap
= 200 nm, Cavity-waveguide interaction length = 18.3
µm, PTE offset relative to midplane of a single Fano
resonator = 2.28 µm, delay lengths between Fano and
Lorentzian resonators = 44 and 43.75 µm in panel 3 and
4 of Fig.3c, respectively.
7Data availability The data that support the plots
within this paper and other findings of this study are
available from the corresponding author upon reasonable
request.
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Appendix I: Characterization of inverse-design-reflectors
FIG. S1: Optical characterization of inverse-designed structures Measured reflectance spectrum of the
inverse-designed structure in the inset of Fig.3a. The measured spectrum (blue dots) agrees with numerical simu-
lated spectrum of the fabricated structure (red). Inset: measured reflectances at 1550 nm of inverse designed struc-
tures versus design targets (60, 80, 95, 99 %). Fano resonators in Fig.1-3 (main text) used the inverse-designed
structures of 60 and 80 %.
The reflectance of inverse-designed structure was characterized by measuring finesse of Fabry-Perot resonators
consisting of single mode waveguide and identical reflectors at both ends1. Waveguide propagation loss is separately
estimated using both cut-back method2 and Q factor of micro-ring resonators. Numerically simulated results (finite
difference time domain; FDTD) shows a fair agreement with the measured spectrum. Inset shows measured reflectance
of final design (1550 nm) as a function of initial optimization target.
Appendix II: Operation of a Fano device – spectral bandwidth, operation power
Fig.S2 shows transmission of CW light in forward and backward directions as a function of wavelength (single Fano
resonator with 80 % reflectance and 2.28 µm offset relatived to midplan of resonator). Transmission was measured at
different laser detuning with respect to the Fano resonance, and input CW power is constant throughout the entire
measurement (14 dBm loaded in the silicon waveguide). The transmission in both directions were measured without
counter-propagating waves in the device.
Appendix III: Nonreciprocal transmission of pulsed signal in an asymmetric Fano resonator
The experimental demonstration of nonlinear isolation is illustrated in Fig. S3a. Pulsed signal (repetition rate:
10 MHz) propagates to both forward and backward directions in the silicon waveguide with slightly different time
delay, as a result overlap between forward and backward propagating pulses can be avoided. Transmission of pulsed
signal in both directions is routed to photodetector and recorded in real time. To validate the operation of isolation,
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FIG. S2: Spectral bandwidth of a Fano device operation. Measured transmission in forward (black dots) and
backward directions (red dots) versus laser wavelength.
we initially launch pulse trains into waveguide in forward direction with signal intensities that make device highly
transmissive to the same propagation direction, and read the transmission of backward propagating pulses in various
backward input intensities. Upper panel of Fig. S3b shows transmission of pulse streams in forward and backward
directions with lower backward input intensity while the lower panel shows the results with higher backward input
intensity.
FIG. S3: All-passive isolation of pulsed signal. (a) Setup for nonlinear isolation experiment. The pulsed sig-
nal is simultaneously coupled to in- and output ports with time delay, and the transmitted signals were routed to a
fast photodetector by optical circulators. (b) Transmission of pulsed signal in forward and backward directions at
different backward input intensities.
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